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Abstract Along with the running of Large Hadron Collider (LHC) located at CERN in
November 2009, a large number of data samples of Bc meson have been collected and some
hadronic Bc decay modes have been measured by the LHC experiments. In view of the
special and important roles of Bc meson decays playing in the heavy flavor sector, we here
give a short review on the status of two body hadronic decays Bc → M1M2 at both exper-
imental and theoretical aspects. For the theoretical progresses, specifically, we will show
lots of theoretical studies on two body hadronic Bc decays involving pseudoscalar, vector,
scalar, axial-vector, even tensor meson(s) in the final states by employing the perturbative
QCD (pQCD) factorization approach. We will present a general analysis about the two-body
hadronic decays of the heavy Bc meson and also provide some expectations for the future
developments.
Key Words Bc meson hadronic decays; The pQCD factorization approach; Branching ra-
tios; CP-violating asymmetries; Polarization fraction
1. INTRODUCTION
The Bc meson is the lowest-lying bound state of b¯ and c quark with JP = 0− in the standard
model(SM) [1]. It is too heavy to be produced in the old B factories at KEK and SLAC, but it
can be produced in significant numbers in high energy hadron collisions, such as the Tevatron and
LHC experiments. The heavy Bc meson was first discovered by CDF collaboration at Tevatron in
1998 through the semileptonic modes Bc → J/ψ(µ+µ−)l+X(l = e, µ) [2], which demonstrated
the possibility for investigations on Bc physics experimentally. At the Large Hadron Collider
(LHC) experiments, furthermore, a large number of Bc meson events could be collected. With a
luminosity of about L = 1034cm−2s−1, around 5 × 1010 Bc events are expected to be produced
each year [3]. The properties of Bc meson and the dynamics involved in the Bc decays would be
fully exploited through the precision measurements at the LHC with its high collision energy and
high luminosity. A golden era of Bc physics is opened with the successful running of the LHC
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2experiments, especially the measurements carried on by the LHCb Collaboration, where about 1%
of the total b-related data sample are the Bc events: 109 ∼ 1010 Bc decays each year.
The Bc meson is unique because it is flavor-asymmetric, which is very different from the sym-
metric heavy quarkonium states, i.e., cc¯ and bb¯. It is the only weakly decaying doubly heavy flavor
meson since the two flavor-asymmetric quarks(b and c) cannot annihilate into gluons or photons
via strong interactions or electromagnetic interactions, which offers a novel window for studying
the heavy quark dynamics that is inaccessible through the investigations on the bb¯ and cc¯ quarko-
nia. The Bc meson is expected to decay through the weak interaction and has rich decay channels
that could provide an ideal platform to study hadronic weak decays of heavy quark flavor [4] in the
SM. The decay processes of the heavy Bc meson can be subdivided into three types as follows [5]:
(1) b¯ weak decay modes: b¯ → (c¯, u¯)W+, which will result in the final states such as J/ψlν¯l,
J/ψpi+, etc., as shown in Fig. 1(a);
(2) c weak decay modes: c→ (s, d)W+, which will lead to the final states such as Bslν¯l, Bspi+,
etc., as shown in Fig. 1(b);
(3) pure weak annihilation channels: b¯c → W+, which will give the final states such as Bc →
lν¯l, K
(∗)0
K(∗)+, etc., as illustrated in Fig. 1(c) .
FIG. 1. Typical Feynman diagrams for three types of Bc decays: (a) b¯ weak decay modes with q = c or u,
(b) c weak decay modes with q = s or d, and (c) pure weak annihilation channels, respectively.
From a theoretical point of view, the weak hadronic decays of Bc meson are extremely compli-
cated due to its heavy-heavy nature and the participation of strong interaction, which complicate
the extraction of parameters in the SM, but they also provide great opportunities to study the per-
turbative and nonperturbative QCD, final state interactions, and heavy quarkonium properties, etc.
So far, to our best knowledge, lots of hadronic Bc decays have been studied extensively within
various of theoretical approaches/methods in the literature, for example in Refs. [6–71].
At the quark level, the effective weak Hamiltonian Heff ∝
∑
Ci(µ)Oi(µ) is theoretically well
under control, whereOi are local four-quark operators and Ci(µ) are the Wilson coefficients which
incorporate strong-interaction effects above the scale µ. However, it is a difficult task to evaluate
the hadronic matrix elements of Oi reliably due to the nonperturbative QCD effects involved.
Since theBc meson is heavy, it is possible to describe the dynamics of hadronic decays by theories
motivated by QCD. A central aspect of those theories is the factorization theorem which allows
one to disentangle the short-distance QCD dynamics from the non-perturbative hadronic effects.
During the past decades, theorists have made great efforts on the evaluations of hadronic matrix
elements based on the QCD dynamics. So far, the QCD factorization(QCDF) approach [72, 73],
the soft-collinear effective theory(SCET) [74] and the perturbative QCD(pQCD) approach [75–
77], have been developed to make effective evaluations of hadronic matrix elements. Furthermore,
up to now, the well-defined pQCD approach [77] has become one of the most popular methods in
the market due to its unique features [77].
3TABLE I. The measurements for some hadronic Bc meson decays as reported by LHCb Collaboration
[82, 83].
Measured values of physical observables Data
Br(Bc→J/ψpi+pi−pi+)
Br(Bc→J/ψpi+)
= 2.41± 0.30 ± 0.33 0.8 fb−1
Rc/u ≡ σ(Bc)Br(Bc→J/ψpi
+)
σ(Bu)Br(Bu→J/ψK+)
= 0.68 ± 0.12 0.37 fb−1
Br(Bc→ψ(2S)pi+)
Br(Bc→J/ψpi+)
= 0.250 ± 0.068 ± 0.014 1.0 fb−1
RDs/pi ≡ Br(Bc→J/ψD
+
s )
Br(Bc→J/ψpi+)
= 2.90± 0.57 ± 0.24 3 fb−1
RD∗s/Ds ≡
Br(Bc→J/ψD
∗+
s )
Br(Bc→J/ψD
+
s )
= 2.37 ± 0.56 ± 0.10 3 fb−1
f±± ≡ Br±±(Bc→J/ψD
∗+
s )
Br(Bc→J/ψD
∗+
s )
= (52 ± 20)% 3 fb−1
Br(Bc→J/ψK+)
Br(Bc→J/ψpi+)
= 0.069 ± 0.019 ± 0.005 1.0 fb−1
σ(Bc)
σ(Bs)
×Br(Bc → Bspi+) = 2.37+0.37−0.35 · 10−3 3 fb−1
Br(Bc→J/ψK+K−pi+)
Br(Bc→J/ψpi+)
= 0.53 ± 0.10 ± 0.05 3 fb−1
In this short review, we give an overview of the experimental measurements and the theoretical
understanding of the branching ratios and CP-violating asymmetries of the two body hadronic
Bc → M1M2 decays (here Mi denotes various mesons). We begin with a brief summary on
current status about the experimental measurements of the hadronic Bc decays. This is followed
by an introduction to the theories for the study of hadronic Bc decays, and a discussion on the
choice of wave functions for doubly heavy flavor Bc meson and hadrons involved in the final
states. Last but not least, we present some recent investigations for the two body hadronic Bc
decays by employing the pQCD approach at leading order and leading power. Few of the pQCD
predictions for the considered Bc decays have been tested now in the experiments, but some of
them will be measured soon in the LHCb experiments. Finally, we make conclusions and a short
summary.
2. HADRONIC Bc DECAYS: EXPERIMENTS
Before the running of the LHC at CERN, ever since the Bc meson was discovered by the CDF
experiment at the Tevatron [2], only one hadronic decay mode of Bc meson had been observed,
Bc → J/ψpi+, which was utilized by CDF and D0 Collaboration [78, 79] to measure theBc mass.
The mass and lifetime of Bc meson as given in Particle Data Group 2012[80] are the following:
mBc = (6274.5± 1.8)MeV,
τBc = (0.452± 0.033)ps. (1)
Although the CMS and ATLAS Collaboration reported their observation of some Bc decays,
such as B+c → J/Ψpi+ [81], most Bc-related measurements have been done by LHCb collab-
oration. In Table I, we list currently available data for the relative branching ratios of hadronic
decays of Bc meson and some other physical observables as reported by LHCb Collaboration in
Refs. [82, 83].
In the following years, more and more hadronic decay modes of Bc meson will be measured
with good precision in the LHCb experiments. Meanwhile, the theoretical predictions for the
4hadronic Bc meson decays in various approaches/methods will be greatly required in order to
understand the measured results from the LHC experiments.
3. FACTORIZATION APPROACHES IN THE FRAMEWORK OF QCD
In this section, we will introduce the QCD-based factorization approaches/methods that have
been adopted for studying the dynamics of hadronic Bc → M1M2 decays. It is worth of stressing
that although charm is a “heavy” quark, the mass around 1.5 GeV makes the studies of c →
(d, s) decays suffer from rather large long-distance contributions and/or final state interactions,
and consequently makes the estimates of the relevant physical observables in Bc → BqX decays
with q = (d, s) less trustworthy. In fact, there are no any reliable predictions for the hadronic
Bc → BqX decays based on the QCD-motivated factorization framework at present. Therefore,
we will not consider the Bc → BqX decay modes in this paper. We here will study the two
body hadronic Bc decays arising from the b¯ decays or the pure annihilation processes, as shown in
Figs. 1(a) and 1(c).
In the effective Hamiltonian approximation, the decay amplitude of the considered hadronic
Bc → M1M2 decays can be written as
A(Bc → M1M2) =< M1M2|Heff |Bc >, (2)
where Heff is the corresponding weak effective Hamiltonian [84]
Heff =
GF√
2
{∑
Q=u,c
V ∗QbVQq[C1(µ)O
Q
1 (µ) + C2(µ)O
Q
2 (µ)]
−V ∗tbVtq[
10∑
i=3
Ci(µ)Oi(µ)]
}
+H.c. , (3)
with q = (d, s), the Fermi constant GF = 1.16639 × 10−5GeV−2, CKM matrix elements Vij ,
and Wilson coefficients Ci(µ) incorporating strong-interaction effects above the scale µ. The local
four-quark operators Oi(i = 1, · · · , 10) include the current-current(tree) operators O1,2, the QCD
penguin operators O3−6 and the electroweak penguin operators O7−10 [84].
The key point in the theoretical calculations for the decay amplitude is how to evaluate
the hadronic matrix elements of the four-quark operators < Oi >=< M1M2|Oi|Bc > reli-
ably. Presently, there are three popular factorization approaches: the QCDF approach[72], the
SCET[74] and the pQCD approach[75, 76]. A detailed discussion for these theories goes be-
yond the scope of this short review, and the interested reader is referred to the original litera-
tures. Basically, theories of hadronic Bc decays are based on the “factorization theorem” under
which the short-distance contributions to the decay amplitudes can be separated from the process-
independent long-distance parts.
In the process of calculating the hadronic matrix elements of Bc meson decays, we need to
cope well with the physical scales around the so-called factorization scale, namely,
√
ΛQCDmb.
Usually, scales below this factorization scale are treated as the nonperturbative physics, which is
described by the transition form factors or hadron wave functions. Scales above this factorization
scale are categorized as the perturbative physics, which can be evaluated as the expansion of the
strong coupling constant αs with various approaches/methods.
Both of the QCDF approach and the SCET are within the framework of collinear factorization.
In the QCDF approach, the endpoint singularity appears at high twist calculations and the annihi-
lation type diagrams. Those annihilation types of diagrams are later proved to be important. The
5FIG. 2. Typical Feynman diagrams for Bc →M1M2 decays at leading order in the pQCD approach.
SCET also leave part of the soft contribution in the form factor diagrams as nonperturbative inputs,
which make it less predictive, since it requires more free parameters to be determined by exper-
iments [85]. The predictions of the annihilation contributions in SCET are almost real with tiny
strong phase [86], which is rather different from almost imaginary with large strong phase [87] as
predicted in the pQCD approach.
The basic idea of the pQCD approach is that it takes into account the transverse momentum
kT of the valence quarks to kill the endpoint divergence in the calculation of the hadronic matrix
elements. Therefore, we have one more scale, i.e., the quark transverse momentum than the QCDF
approach and the SCET. The b-flavor meson transition form factors, and the spectator and annihi-
lation contributions are then all calculable in the framework of the kT factorization, where three
energy scales are involved [75, 76, 88]. The hard dynamics is characterized by√mbΛQCD, which
is to be perturbatively calculated. The harder dynamics is from mW scale to mB scale described
by renormalization group equation for the four quark operators. The dynamics below
√
mbΛQCD
is soft, which is described by the meson wave functions. The soft dynamics is not perturbative
but universal for all channels. In the pQCD approach, a Bc → M1M2 decay amplitude is there-
fore factorized into the convolution of the six-quark hard kernel(H), the jet function(J) and the
Sudakov factor(S) with the bound-state wave functions(Φ) as follows,
A(Bc →M1M2) = ΦBc ⊗H ⊗ J ⊗ S ⊗ ΦM1 ⊗ ΦM2 , (4)
All nonperturbative components are organized in the form of hadron wave functions Φ, which
may be extracted from experimental data or other nonperturbative method, such as QCD sum
rules [89]. Since nonperturbative dynamics has been factored out, one can evaluate all possible
Feynman diagrams presented in Fig. 2 for the six-quark amplitude H straightforwardly. The jet
function J comes from the threshold resummation, which exhibits suppression in the small x
(quark momentum fraction) region [90]. The Sudakov factor S comes from the kT resummation
[91, 92], which exhibits suppression in the small kT region. Therefore, these resummation effects
guarantee the removal of the endpoint singularities and the reliability of the pQCD approach.
64. RELEVANT HADRON WAVE FUNCTIONS
In order to calculate the analytic formulas of the decay amplitudes, we need the light cone wave
functions decomposed in terms of the spin structure. In general, the light cone wave functions are
decomposed into 16 independent components, 1αβ, γµαβ, σ
µν
αβ , (γ
µγ5)αβ , and γ5αβ . Relative to the
more heavier b quark, charm can be viewed approximately as a light quark in the doubly heavy
flavor Bc meson. In the leading order of mc/mBc ∼ 0.2 expansion, the factorization theorem is
applicable to the Bc system similar to the situation of B meson. In analogy to the definition of the
B meson [75, 76], the light-cone wave function of Bc meson can be defined as
ΦBc,αβ,ij ≡ 〈0|b¯βj(0)cαi(z)|Bc(P )〉
=
iδij√
2Nc
∫
dxd2kT e
−i(xP−z+−kT zT )
·
{
(P/+mBc)γ5φBc(x, kT )
}
αβ
; (5)
where the indices i, j and α, β are the Lorentz indices and color indices, respectively, P (m) is the
momentum(mass) of the Bc meson, Nc is the color factor, and kT is the intrinsic transverse mo-
mentum of the lighter quark in Bc meson. Note that, in principle, there are two Lorentz structures
of the wave function to be considered in the numerical calculations, however, the contribution
induced by the second Lorentz structure is numerically small and approximately negligible.
In Eq. (5), φBc(x, kT ) is the Bc meson distribution amplitude and obeys to the normalization
condition:
∫ 1
0
dx φBc(x, b = 0) = fBc/(2
√
2Nc), here b is the conjugate space coordinate of
transverse momentum kT and fBc is the decay constant of Bc meson.
To our best knowledge, however, φBc with kT is still absent now. But, the situation may be-
come somewhat simpler, if Bc meson can be approximated as a non-relativistic bound state of two
sufficiently heavy quarks. In this sense we expect exclusive matrix elements, in particular, the
light-cone distribution amplitude to be calculable perturbatively, since the quark masses provide
an intrinsic physical infrared regulator. At the nonrelativistic scale, the leading 2-particle distribu-
tion amplitude can be approximated by delta function, fixing the light-cone momenta of the quarks
according to their masses [93]. SinceBc meson consists of two heavy quarks andmBc ≃ mb+mc,
the distribution amplitude φBc would thus be close to δ(x−mc/mBc) in the non-relativistic limit.
We therefore adopt the non-relativistic approximation form of φBc as [93]
φBc(x) =
fBc
2
√
2Nc
δ(x−mc/mBc) , (6)
where the value of fBc is taken from the calculations in quenched lattice QCD with exact chiral
symmetry [94].
For the final state wave functions, such as pseudoscalar, vector, scalar, axial-vector, even tensor
mesons, we refer the readers to the papers dealing with various decay channels, for example, in
Refs. [50, 51, 61]. But, we should stress here that the kT dependence of the distribution amplitudes
in the final states has been neglected, since its contribution is very small as indicated in the refer-
ence [88]. The underlying reason is that the contribution from kT correlated with a soft dynamics
is strongly suppressed by the Sudakov effect through resummation for the wave function, which is
dominated by a collinear dynamics.
75. Bc →M1M2 DECAYS
In this section, we will summarize current status of the theoretical studies for the hadronic
Bc → M1M2 decays by employing the pQCD factorization approach. In order to make numer-
ical evaluations one need the input parameters, such as the relevant masses, decay constants and
lifetimes etc. Since some parameters change from time to time, one needs to consult the original
paper for specific input parameters for each predictions as given in different works.
5.1 Bc decays through b→ (c, u) transitions
Up to now, the decays Bc → D(pi,K) [41, 42], Bc → (J/ψ, ηc)(pi,K) [40, 52], Bc →
D
(∗)
(s)(P, V, T ) [60, 61] and Bc → (D(∗), D(∗)s )(D(∗), D(∗)s ) [62] have been studied in the pQCD
approach, and the CP-averaged branching ratios and CP-violating asymmetries for these de-
cay modes have been calculated. Since the charm quark in the heavy final state mesons ( for
example,J/ψ, ηc, D(∗) and D(∗)s ) is almost at collinear state, a hard gluon is needed to transfer
large momentum to the spectator charm quark. Utilizing the kT factorization instead of collinear
factorization, the pQCD approach is free of endpoint singularity. Thus Feynman diagrams as
illustrated in Fig.2 are all contributing and calculable.
In Bc decays, there is one more intermediate energy scale, the heavy charm mass. As a result,
another expansion series of mc/mB will appear. The factorization is approved at the leading order
of mc/mB expansion [95–97]. The nonleptonic Bc to J/ψ(ηc) and a light hadron decays are
similar to that of B decaying into D and a light meson [40].
The two body hadronicBc → (J/ψ, ηc)(pi,K) decays are tree dominated modes including fac-
torizable emission and nonfactorizable spectator amplitudes. Furthermore, the branching ratios for
the considered decays are determined by the contributions arising from the factorizable topologies.
The decay amplitudes for Bc → (J/ψ, ηc)(pi,K) can thus be described approximately as
A(Bc → J/ψ(ηc) pi) = V ∗cbVud · fpi
·〈J/ψ(ηc)|V −A|Bc〉 , (7)
A(Bc → J/ψ(ηc) K) = V ∗cbVus · fK
·〈J/ψ(ηc)|V −A|Bc〉 ; (8)
in which the former mode is CKM favored, while the latter channel is CKM suppressed, and fpi
and fK are the decay constants of pion and kaon respectively. Then the interesting relation of
branching ratios of the considered four decay modes in the limit of SU(3) flavor symmetry can be
read as
R
K/pi
J/ψ = R
K/pi
ηc ∼
∣∣∣∣VusVud
∣∣∣∣
2
·
∣∣∣∣fKfpi
∣∣∣∣
2
; (9)
where RK/piJ/ψ and R
K/pi
ηc are defined as
R
K/pi
J/ψ ≡
Br(Bc → J/ψK)
Br(Bc → J/ψpi) ,
RK/piηc ≡
Br(Bc → ηcK)
Br(Bc → ηcpi) ; (10)
8With the input parameters [80]: Vud = 0.97427, Vus = 0.22534, fK = 0.16 GeV, and fpi = 0.13
GeV, the expected ratios RK/piJ/ψ = R
K/pi
ηc ≈ 0.08. From Ref. [52], we found that
Br(Bc → J/ψpi)pQCD = (1.35 ∼ 2.54)× 10−3,
Br(Bc → J/ψK)pQCD = (1 ∼ 3)× 10−4, (11)
which lead to the ratio RK/piJ/ψ = (0.07 ∼ 0.12) in the pQCD approach, which is consistent with
the naive expectation on the above ratio. Very recently, the LHCb Collaboration has measured the
ratio of the branching ratios between Bc → J/ψK and Bc → J/ψpi decays, and obtained the
result [83],
R
K/pi
J/ψ = 0.069± 0.020, (12)
which is in good agreement with the theoretical prediction in the pQCD approach.
From the pQCD prediction ofBr(Bc → ηcpi)pQCD = (1.47 ∼ 2.79)×10−3 [40], it is expected
that the CP-averaged branching ratio of Bc → ηcK mode may be Br(Bc → ηcK)pQCD = (1 ∼
3) × 10−4, which will be tested by the forthcoming experiments. Of course, since no penguin
operators are involved in these considered four channels, the direct CP asymmetries are absent
here naturally.
The two body hadronicBc meson decaying into double charm hadrons [62], which are the pure
tree decay modes, can be utilized particularly to extract the CKM angles because of the absence
of the interference from the penguin operators. Furthermore, the decays Bc → D+s D0 and D+s D¯0
are the gold-plated modes for the extraction of CKM angle γ through amplitude relations because
their decay widths are expected to be at the same order in magnitude [8, 19, 23, 27, 30, 34].
From the numerical calculations one found that the ratio of the decay widths for Bc → D+s D0
and Bc → D+s D¯0 is about 1.3, which indicate that the branching ratios for these two decays are
really as was expected and they are indeed suitable for extracting the CKM angle γ. The theoretical
predictions as given in Ref. [62] confirmed that the nonfactorizable spectator diagrams provided
a remarkable contribution in the double charm decays of Bc meson. The predicted branching
ratios for the considered decay channels vary in the range of 10−8 ∼ 10−5. The considered Bc
decays with a decay rate at the level of 10−6 or larger can be detected with a good precision at
LHC experiments [44]. Meanwhile, the transverse polarization fractions of the Bc meson decays
with two vector D∗ mesons are predicted for the first time in the pQCD approach. The transverse
polarization fractions are large in some channels, which mainly come from the nonfactorizable
spectator diagrams.
For the nonleptonic Bc → D(∗)(s)(P, V ) decays, their decay rates and CP-violating asymmetries,
as well as the transverse polarization fractions for Bc → D∗(s)V channels are calculated system-
atically in the pQCD approach in Ref. [60]. From the numerical calculations, one finds that the
pQCD predictions for the CP-averaged branching ratios of the tree-dominant Bc → D(∗)(s)(P, V )
decays are in good agreement with that in the relativistic constituent quark model [15].
Furthermore, it is found that the nonfactorizable spectator diagrams and annihilation diagrams
have remarkable effects on the physical observables in many channels, especially in the color-
suppressed and annihilation-dominant decay modes. As expected, the annihilation diagrams give
large contributions in the Bc meson decays, because the contributions arising from annihilation
diagrams are enhanced by the CKM factor V ∗cbVcq. For the b → s transition process, the ra-
tio |V ∗cbVcs/V ∗ubVus| ≈ 47, which therefore results in the ratio Br(Bc → D(∗)K(∗)+)/Br(Bc →
D(∗)+K(∗)0) ≈ 1 for the considered two kinds of annihilation-dominant modes.
9For Bc → D∗(s)V decays, furthermore, the transverse polarization contributions are usually
suppressed by the factor rV or rD∗
(s)
when compared with the longitudinal part. Thus, for tree-
dominant Bc → D∗0ρ+ and pure penguin type Bc → D∗+φ decays, one can find the relatively
small transverse polarization fractions 16.4% and 11.5%, respectively.
For otherBc → D∗(s)V decays, the annihilation contributions dominate the branching ratios due
to the large Wilson coefficients. Therefore, the transverse polarization contributions take a larger
ratio in the branching ratios, which can reach 50% ∼ 70%. Because of the different weak phase
and strong phase from tree diagrams, penguin diagrams, and annihilation diagrams, the possibly
large direct CP violation in some channels are predicted in the pQCD approach, for example,
AdirCP(Bc → D+ρ0) ≈ 79.8%,
AdirCP(D
0K∗+) ≈ −66.2%, etc. (13)
For the hadronic Bc → D(∗)T decays [61], which is slightly special compared with the above
Bc → D(∗)(s)(P, V ) decays, there are no contributions from factorizable emission diagrams because
the emitted tensor meson cannot be generated from the (axial-)vector current or (pseudo-)scalar
density. Thus, these Bc → D(∗)T decays are forbidden in the naive factorization. One should go
beyond the naive factorization to calculate the nonfactorizable spectator and annihilation diagrams.
What’s more, the annihilation amplitudes are dominant in these considered Bc → D(∗)T decays
because they are proportional to the large CKM matrix elements Vcb and Vcd(s).
The predictions in Ref. [61] show that the CP-averaged branching ratios for hadronic Bc →
D(∗)T modes are in the range of 10−4 ∼ 10−9. As stated in Ref. [82, 83], the LHC experiments,
specifically the LHCb experiment, can produce around 5×1010 Bc events per year. TheBc decays
with a decay rate at the level of 10−6 can be detected with a good precision at LHC experiments.
Therefore, it is of great interests that the Bc meson decays to tensor final states with branching
ratios as large as 10−4, for example, Bc → D∗K∗2(1430) and Bc → D∗+s f ′2(1525), will be easier
for experiments to search than the corresponding decays with vector mesons. The modes with
large branching ratios such as Bc → D0K∗2(1430)+, D+K∗2 (1430)0, D+s f ′2(1525), D∗K∗2 (1430),
and D∗+s f
′
2(1525), would provide opportunities to study the properties of Bc meson and the fac-
torization theorem in the decays with an emitted tensor meson.
Most of the direct CP asymmetries for Bc → D(∗)T decays predicted in the pQCD approach
are very small because the penguin contributions are too small compared with the tree annihilation
contributions. The largest direct CP violation for Bc → D(∗)T decays estimated with the pQCD
approach is 18.2%, which belongs to the channel Bc → D+a2(1320)0.
The predicted transverse polarization fractions for most annihilation-dominant Bc → D∗T
channels in the pQCD approach are larger than 50%, except for two modes Bc → D∗+f ′2(1525)
with RT ∼ 45.3% and Bc → D∗+s a2(1320)0 with RT ∼ 12.7% [61]. Moreover, it is very
interesting to note that the longitudinal polarization contributions in Bc → D∗+s f2(1270) only
about 1.6%.
It is worth of mentioning that the semileptonic charmed decays B+c → D(∗)(s)(l+ν, l+l−, νν¯)
have been studied in the pQCD approach [63]. In Ref. [63], we studied the semileptonic decays
of B+c → D(∗)(s)(l+ν, l+l−, νν¯) (here l stands for e, µ or τ ) by using the relevant form factors
F0,+,T (q
2), V (q2), A0,1,2(q
2) and T1,2,3(q2) for the B+c → (D(s), D∗(s)) transitions obtained by
employing the pQCD factorization approach. We calculated the decays rates for all considered
semileptonic decays and found numerically that (a) the relevant transition form factors obtained
in this work agree well with those from other methods; (b) the size of the pQCD predictions for
the branching ratios for the decays with b→ s or b→ d transitions show clearly the effects of the
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CKM suppression; and (c) the pQCD predictions for the ratios of the decay rates are RD ≈ 0.7
and RD∗ ≈ 0.6, which could be measured at LHCb soon.
5.2 Charmless hadronic Bc → PP,PV, V P, V V decays
The charmless hadronic Bc → M1M2 decays (i.e. Mi are the charmless light mesons) can
occur only via the weak annihilation diagrams in the SM. As discussed in Sec. 3, up to now, the
annihilation diagrams can be well treated only by employing the pQCD approach due to its unique
features.
Although there is a different viewpoint on the evaluations of annihilation contributions pro-
posed in the SCET, the previous predictions on the annihilation contributions in heavy flavor B
meson decays calculated with the pQCD approach have already been tested at various aspects, for
example, branching ratios of pure annihilation Bd → D−s K+, Bd → K+K−, and Bs → pi+pi−
decays [98–101], direct CP asymmetries of B0 → pi+pi−, K+pi− decays [75, 76, 102], and the ex-
planation of B → φK∗ polarization problem [103, 104], which indicate that the pQCD approach
is a reliable method to deal with the annihilation diagrams.
By using the pQCD approach, the pure annihilation type of charmless hadronic Bc → M1M2
decays, about 200 decay modes,
Bc → PP, PV, V V, AP, AV,
AA, SP, SV, (14)
have been studied systematically in Refs. [50, 51, 53, 54, 58, 59], where the term S, P, V and A
refers to the scalar, pesuodo-scalar, vector and axial-vector charmless mesons respectively. Other
possible charmless Bc → M1M2 decays through pure annihilation topology to light mesons with
MiMj = SS, SA, TP , TV , TS, TA and even TT are under study now by using the pQCD
approach [105].
For the twenty three charmless Bc → PP, PV/V P decays, the decay rate can be written as
Γ =
G2Fm
3
Bc
32pi
|A(Bc →M1M2)|2 (15)
Using the decay amplitudes as given in Eqs.(20)-(27) and (32)-(46) in Ref. [50], it is straightfor-
ward to calculate the branching ratios with uncertainties as listed in Table II.
For Bc → V V decays, the decay rate can be written explicitly as,
Γ =
G2FPc
16pim2Bc
∑
σ=L,T
M(σ)†M(σ) (16)
where Pc ≡ |P2z| = |P3z| is the momentum of either of the outgoing vector mesons. Based on the
helicity amplitudes as defined in Eq. (48) of Ref. [50], we can define the transverse amplitudes,
AL = −ξm2BcML, A‖ = ξ
√
2m2BcMN ,
A⊥ = ξm2Bc
√
2(r2 − 1)MT . (17)
for the longitudinal, parallel, and perpendicular polarizations, respectively, with the normalization
factor ξ =
√
G2FPc/(16pim
2
Bc
Γ) and the ratio r = P2 ·P3/(mM1 ·mM2). These amplitudes satisfy
the relation,
|AL|2 + |A‖|2 + |A⊥|2 = 1 (18)
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TABLE II. The pQCD predictions of branching ratios for eight Bc → PP modes. and fifteen Bc →
(PV, V P ) decays. The dominant errors come from charm quark mass mc = 1.5 ± 0.15 GeV, combined
Gegenbauer moments ai, and chiral enhancement factors mpi0 = 1.4 ± 0.3 GeV and mK0 = 1.6 ± 0.1 GeV,
respectively.
Decay Modes Decay Modes
(∆S = 0) BR′s(10−8) (∆S = 1) BR′s(10−8)
Bc → pi+pi0 0 Bc → pi+K0 4.0+1.0−0.6(mc)+2.3−1.6(ai)+0.5−0.3(m0)
Bc → pi+η 22.8+6.9−4.6(mc)+7.2−4.5(ai)+3.4−4.2(m0) Bc → K+η 0.6+0.0−0.0(mc)+0.6−0.5(ai)+0.2−0.1(m0)
Bc → pi+η′ 15.3+4.6−3.1(mc)+4.8−3.0(ai)+2.2−2.8(m0) Bc → K+η′ 5.7+0.9−0.9(mc)+1.0−1.6(ai)+0.0−0.3(m0)
Bc → K+K0 24.0+2.4−0.0(mc)+7.3−6.0(ai)+6.8−5.8(m0) Bc → K+pi0 2.0+0.5−0.3(mc)+1.2−0.8(ai)+0.3−0.1(m0)
Decay Modes Decay Modes
(∆S = 0) BR′s(10−7) (∆S = 1) BR′s(10−8)
Bc → pi+ρ0 1.7+0.1−0.0(mc)+0.1−0.2(ai)+0.6−0.3(m0) Bc → K+ρ0 3.1+0.6−0.8(mc)+1.2−1.5(ai)+0.1−0.2(m0)
Bc → K0K∗+ 1.8+0.7−0.1(mc)+4.1−2.1(ai)+0.1−0.0(m0) Bc → K0ρ+ 6.1+1.3−1.5(mc)+2.5−2.9(ai)+0.2−0.3(m0)
Bc → pi+ω 5.8+1.4−2.2(mc)+1.1−1.3(ai)+0.4−1.2(m0) Bc → K+ω 2.3+1.1−0.3(mc)+1.8−1.2(ai)± 0.1(m0)
Bc → ρ+pi0 0.5+0.1−0.1(mc)+0.3−0.2(ai)+0.2−0.3(m0) Bc → K∗0pi+ 3.3+0.7−0.2(mc)+0.4−0.4(ai)+0.2−0.1(m0)
Bc → ρ+η 5.4+2.1−1.2(mc)+0.9−1.4(ai)± 0.0(m0) Bc → K∗+pi0 1.6+0.4−0.1(mc)+0.3−0.1(ai)+0.1−0.0(m0)
Bc → ρ+η′ 3.6+1.4−0.8(mc)+0.6−0.9(ai)± 0.0(m0) Bc → K∗+η 0.9+0.1−0.0(mc)+0.6−0.2(ai)± 0.0(m0)
Bc → K∗0K+ 10.0+0.5−0.6(mc)+1.7−3.3(ai)+0.0−0.2(m0) Bc → K∗+η′ 3.8± 1.1(mc)+1.0−0.6(ai)± 0.0(m0)
Bc → φK+ 5.6+1.1−0.0(mc)+1.2−0.9(ai)+0.3−0.0(m0)
following the summation in Eq. (16).
Since the transverse-helicity contributions manifest themselves in polarization observables, we
here define two kinds of polarization observables, i.e., polarization fractions (fL, f||, f⊥) and rela-
tive phases (φ||, φ⊥) as
fL(||,⊥) =
|AL(||,⊥)|2
|AL|2 + |A|||2 + |A⊥|2 , (19)
φ||(⊥) ≡ arg
A||(⊥)
AL
; (20)
It should be noted that the final results of relative phases will plus one value, i.e., pi, due to an
additional minus sign in the definition of AL.
In Table III, we present the pQCD predictions for CP-averaged branching ratios, the longitudi-
nal polarization fractions ( f ′Ls) and relative phases of the considered nine Bc → V V decays. The
dominant theoretical errors comes from the uncertainties of the charm quark mass mc = 1.5±0.15
GeV, and the Gegenbauer moments ai of related meson distribution amplitudes, respectively. The
total error is the combination of individual errors in quadrature.
From the numerical results in Table II , one can see that
1 Analogous to B → Kη(′) decays, the branching ratios of Bc → Kη(′) modes also show a
approximate relation:
Br(Bc → K+η′) ∼ 10×Br(Bc → K+η). (21)
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TABLE III. The pQCD predictions of branching ratios(BRs), fL, and the relative phases φ|| and φ⊥ for
Bc → V V decays.
Decay Modes BRs(10−7) fL(%) φ|| (rad) φ⊥ (rad)
Bc → ρ+ρ0 0 − − −
Bc → ρ+ω 10.6+3.8−0.3 92.9+2.0−0.1 3.86+0.40−0.32 4.43+0.30−0.25
Bc → K∗0K∗+ 10.0+8.1−4.8 92.0+3.6−7.1 3.68+0.51−0.25 3.76+0.51−0.20
Bc → K∗0ρ+ 0.6+0.2−0.1 94.9+2.2−1.5 4.11+0.34−0.28 4.20+0.33−0.22
Bc → K∗+ρ0 0.3+0.1−0.1 94.9+1.4−1.5 4.11+0.34−0.28 4.20+0.33−0.22
Bc → K∗+ω 0.3+0.0−0.2 94.8+1.2−1.3 4.15+0.28−0.35 4.23+0.28−0.26
Bc → φK∗+ 0.5+0.1−0.3 86.4+4.9−9.1 3.80+0.51−0.39 3.89+0.48−0.28
This large difference can be understood by the destructive and constructive interference
between the ηq and ηs contribution to the Bc → K+η and Bc → K+η′ decay.
(2) The pQCD predictions for the branching ratios vary in the range of 10−6 ∼ 10−8 [50, 53],
basically agree with the predictions obtained by using the exact SU(3) flavor symmetry. The
Bc → K∗0K+ and other decays with a decay rate at 10−6 or larger could be measured at the
LHC experiment.
(3) For Bc → (pi+, ρ+)(η, η′) decays, the final state mesons η and η′ contain the same com-
ponent u¯u + d¯d, and the differences among their branching ratios mainly come from the
mixing coefficients, i.e., cos φ and sinφ.
(4) Among the thirty Bc decays considered in this subsection, Bc → ρ+ω,K∗0K∗+ and Bc →
K
0
K∗+ have the largest branching ratios and are in the order of 10−6. This means that the
annihilation contributions to Bc meson decays may be rather important. We suggest the
LHCb experiment to search for such decay modes.
(5) For Bc → V V decays, the contributions coming from the longitudinal polarization play the
dominant role and the longitudinal polarization fractions fL ≈ 95%, except forBc → φK∗+
( fL ∼ 86%). Unfortunately, it is very hard to measure these decays, due to the smallness of
their decay rates: in the range of 10−8 − 10−7.
5.3 Charmless hadronic Bc → SP, SV,AP,AV,AA decays
For charmless Bc → SP and SV decays, the pQCD predictions for the branching ratios are in
the range of 10−5 to 10−8 [54]. Many decays with a decay rate at 10−6 or larger could be measured
at the LHCb experiment. Similar to B → K∗η(′) decays, the branching ratios of Bc → κη(′)
channels also exhibit the interesting relation:
Br(Bc → κ+η) ∼ 5×Br(Bc → κ+η′). (22)
This difference can be understood by the destructive and constructive interference between the ηq
and ηs contribution to the Bc → κ+η′ and Bc → κ+η decay, respectively.
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ForBc → K∗0(1430)η andBc → K∗0 (1430)η′ decays, the pQCD predictions for their branching
ratios [54] are similar in size, since the factorizable contributions of ηs term play the dominant
role. This feature will be tested by the near future experiments. If a0 and κ are the qq¯ bound
states, the pQCD predictions for Br(Bc → a0(pi, ρ)) and Br(Bc → κK(∗)) will be in the range of
10−6 ∼ 10−5, which are within the reach of the LHCb experiments and expected to be measured.
For the a0(1450) and K∗0 (1430) channels, the branching ratios for Bc → a0(1450)(pi, ρ) and
Bc → K∗0(1430)K(∗) modes in the pQCD approach are found to be of order (5 ∼ 47)× 10−6 and
(0.7 ∼ 36)× 10−6 respectively [54]. A measurement of them at the predicted level will favor the
structure of qq¯ for the a0(1450) and K∗0 (1430) and identify which scenario is preferred.
For the pure annihilation Bc → AP,AV,AA decays, such as
Bc → K¯0(K1(1270)+, K1(1400)+), a1(1260)+ω,
b1(1235)ρ, (K1(1270), K1(1400))K
∗,
ρ+f1(1285), a1(1260)b1(1235),
(K¯1(1270)
0, K¯1(1400)
0)(K1(1270)
+, K1(1400)
+),
etc. (23)
the pQCD predictions for their branching ratios are in the range of 10−5 to 10−9 [51, 58, 59]. The
decay modes with a sizable decay rate at 10−6 or larger could be measured at the LHC experiments.
Since the QCD behavior of the 1P1 meson is rather different from that of the 3P1 meson, the
branching ratios in the pQCD approach of pure annihilation Bc → A(1P1)(P, V, A(1P1)) are
basically larger than that of Bc → A(3P1)(P, V, A(3P1)) with a factor around 10 ∼ 100 [51, 58,
59], for example,
10×Br(Bc → a1(1260)(pi, ρ))
≈ Br(Bc → b1(1235)(pi, ρ)),
100×Br(Bc → a1(1260)+f1(1285))
≈ Br(Bc → b1(1235)+h1(1170)). (24)
These relations can be tested by the LHC experiments.
The pQCD predictions [51, 59] about the branching ratios of some Bc decays, such as
Bc → K1(1270)+η(′), K1(1400)+η(′),
K1(1270)K,K1(1400)K, K¯1(1270)
0K1(1270)
+,
K¯1(1400)
0K1(1270)
+, K¯1(1270)
0K1(1400)
+,
K¯1(1400)
0K1(1400)
+, (25)
are rather sensitive to the value of the mixing angle θK , which will be tested by the running LHC
experiments. One can determine θK through the measurement of these decays if enoughBc events
become available at the LHC experiments. The pQCD predictions for several decays involving the
mixtures of 3P1 and/or 1P1 mesons are rather sensitive to the values of the mixing angles, which
can provide the important information on both of sign and size of the mixing angles if they are
detected in the future experiments. For Bc → V V,AV (V A), AA decays [58, 59] the longitudinal
contributions play a dominant role in most of those considered modes, which will be tested by the
ongoing LHC experiments in the near future.
Once the above predictions on the physical quantities in the pQCD approach can be confirmed
at the predicted level by the precision experimental measurements in the future, which can also
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provide indirect evidence for the important but controversial issues (See Refs. [86, 87] for detail)
on the evaluation of annihilation contributions at leading power, one can ask whether it is almost
real with a tiny strong phase in SCET or almost imaginary with a large strong phase in the pQCD
approach.
For all the considered charmless hadronicBc decays, the branching ratios of ∆S = 0 processes
are basically larger than those of ∆S = 1 ones. Such differences are mainly induced by the CKM
factors involved: |Vud| ∼ 1 for the former decays while |Vus| ≈ λ ∼ 0.22 for the latter ones.
Because only tree operators are involved, the CP-violating asymmetries for these considered Bc
decays are absent naturally.
It should be stressed that the pQCD predictions still have large theoretical uncertainties, mainly
induced by the errors of the Gegenbauer moments in the hadron distribution amplitudes and the
errors of decay constants fBc and fMi . By reducing these uncertainties, one can improve the pre-
cision of the theoretical predictions effectively. Moreover, only the short-distance contributions in
the aforementioned hadronicBc decays are considered and perturbatively calculated by employing
the pQCD approach.
The possible long-distance contributions toBc hadronic decays, such as the rescattering effects,
have been neglected in our calculations since such contributions should be small based on the
general expectations: the perturbative contribution most possibly dominate the heavy Bc meson
decay. One of the effective methods to decrease the theoretical error is to define the ratios between
branching ratios for suitable decay modes, such as those connected through various SU(3) flavor
symmetries.
It is believed that all hadronic Bc meson decays will provide important platform for studying
the mechanism of annihilation contributions, understanding the helicity structure of the considered
channels with vector and/or axial-vector meson(s) and the content of the involved light scalar and
axial-vector mesons.
6. SUMMARY AND EXPECTATIONS
In the following years, the LHC experiments will collect more and more Bc production and
decay events. The analysis of the huge number of Bc events do require precision theoretical
predictions. On the other hand, the properties of Bc meson and many other different kinds of light
or heavy mesons, such as the relevant decay constants, the internal structure and the mixing angles,
etc., will be measured in the LHCb, CMS and ATLAS experiments.
In this short review, we firstly summarize the recent progress of hadronic Bc decays at both
experimental and theoretical aspects. As aforementioned in Sec. 2, some hadronic Bc decay chan-
nels have been detected by the LHCb experiment in the past four years. The Bc decays with a
decay rate at the level of 10−6 can be detected with a good precision at LHC experiments.
We then provide an outline about theoretical studies of hadronic Bc → M1M2 decays with
Mi = (S, P, V, A, T ) in the framework of the pQCD approach, at the leading order and leading
power. Up to now, about four hundred such decay modes have been studied in the pQCD approach,
some most important results are discussed here explicitly. For more details of specific decays, one
can see the original paper cited here.
For those considered Bc decays, besides the emission diagrams, the nonfactorizable spectator
diagrams and the annihilation diagrams can also be evaluated in the pQCD approach. Furthermore,
phenomenologically, it is found that the dominant contributions to the branching ratios in many
decay channels arise from the nonfactorizable spectator and/or annihilation amplitudes. Such
decay channels can be classified into two sets: (a) The Bc decays with an emitted scalar or tensor
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meson, which cannot be produced from the vacuum by the (axial-)vector current or (pseudo-)scalar
density in the SM; and (b) the charmless hadronicBc meson decays, which can only occur through
the pure annihilation topology in the SM.
For the hadronic Bc → M1M2 decays considered in this short review, the CP-averaged branch-
ing ratios vary in the range of 10−3 ∼ 10−9. Those decays with a decay rate at or larger than 10−6
can be measured in the near future LHC experiments.
For the considered annihilation dominant modes or pure annihilation channels, the confirma-
tion at the pQCD predictions through the precision experimental measurements will provide im-
portant information to the controversial issues on how effectively and accurately to evaluate the
annihilation diagrams at leading power, which will provide more important evidence on the siz-
able annihilation contributions in heavy B meson physics and further shed light on the underlying
mechanism of the annihilated B meson decays.
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